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Abstract
Leaf litter decomposability is an important effect trait for ecosystem function-
ing. However, it is unknown how this effect trait evolved through plant history
as a leaf ‘afterlife’ integrator of the evolution of multiple underlying traits upon
which adaptive selection must have acted. Did decomposability evolve in a
Brownian fashion without any constraints? Was evolution rapid at first and
then slowed? Or was there an underlying mean-reverting process that makes
the evolution of extreme trait values unlikely? Here, we test the hypothesis that
the evolution of decomposability has undergone certain mean-reverting forces
due to strong constraints and trade-offs in the leaf traits that have afterlife
effects on litter quality to decomposers. In order to test this, we examined the
leaf litter decomposability and seven key leaf traits of 48 tree species in the tem-
perate area of China and fitted them to three evolutionary models: Brownian
motion model (BM), Early burst model (EB), and Ornstein-Uhlenbeck model
(OU). The OU model, which does not allow unlimited trait divergence through
time, was the best fit model for leaf litter decomposability and all seven leaf
traits. These results support the hypothesis that neither decomposability nor the
underlying traits has been able to diverge toward progressively extreme values
through evolutionary time. These results have reinforced our understanding of
the relationships between leaf litter decomposability and leaf traits in an evolu-
tionary perspective and may be a helpful step toward reconstructing deep-time
carbon cycling based on taxonomic composition with more confidence.
Introduction
Leaf litter decomposition is a key process in terrestrial
ecosystems, as it regulates carbon and nutrient recycling
in the soil (Berg and Laskowski 2005) and releases CO2
back to the atmosphere and thus controls the carbon
fluxes between the biosphere and atmosphere (Sitch et al.
2003; Cornwell et al. 2008). It is well known that varia-
tion in leaf litter decomposability among extant plant spe-
cies depends on a set of leaf traits, which determine rates
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and mechanisms of leaf litter decomposition of different
species at present (Cornelissen 1996; Cornwell et al. 2008;
Zhang et al. 2008). While we can assume similar mecha-
nisms have operated in the past, little is known about
how leaf litter decomposability changed through plant
evolutionary history and whether and how such changes
in leaf litter decomposability related to the evolution of
multiple leaf traits.
Plant traits can be thought of as having two roles: first
controlling a plant’s ability to a changing environment
(“response traits”) and second affecting the environment
(“effect traits” sensu Chapin et al. 2000; Lavorel and Gar-
nier 2002). Vessel diameter is an example of a response
trait: species with large vessels will be more susceptible to
freeze-thaw embolism under freezing conditions, while
species with smaller vessels may survive the cold tempera-
tures (Lavorel and Garnier 2002). Leaf litter decompos-
ability is typically thought of as an “effect trait”,
controlling the rate of decomposition as a key component
of biogeochemical cycles (Lavorel and Garnier 2002; Dıaz
et al. 2013).
There are clear links between the traits of the plant or
leaf while it is alive and the effect of its senesced tissue on
ecosystem processes: leaf litter decomposability is a func-
tion of the “afterlife” effects of living plant traits (Corne-
lissen et al. 2004), and changes in leaf litter
decomposability through history may link to the evolu-
tion of a set of living leaf traits. For example, leaf litter
recalcitrance may be a consequence of tough structure
(and high dry matter content), high concentrations of
mobile secondary chemistry, or low nutrient or base
cations (Cadisch and Giller 1997; Cornelissen and
Thompson 1997; Perez-Harguindeguy et al. 2000; Fortun-
el et al. 2009). Moreover, leaf litter decomposability might
influence the plant fitness and thereby the plant response
traits via controlling the rate of nutrient recycling or via
releasing polyphenols from decomposing litters to the soil
(Berendse 1994; H€attenschwiler and Vitousek 2000). As
leaf litter decomposability depends on a suite of underly-
ing traits of the leaves while they are alive, these traits
might theoretically lead to different consequences for the
changes in leaf litter decomposability through plant evo-
lutionary history. However, the connections between liv-
ing leaf traits and leaf litter decomposability have never
been considered in an evolutionary context.
There are an increasing number of conceptual models
to describe how response traits changed in their values
through evolutionary history: the Brownian motion
model (BM), early burst model (EB), and Ornstein-Uh-
lenbeck model (OU). The BM model has traditionally
been considered as a tractable, parsimonious model of
trait evolution (Felsenstein 1985), as it assumes that the
correlation structure among trait values is proportional to
the extent of shared ancestry for pairs of species. This
model describes a process in which the trait value for
each species changes randomly in direction and magni-
tude in a temporally uncorrelated fashion (Salamin et al.
2010). The EB model, also called the ACDC model
(Accelerating-Decelerating; Blomberg et al. 2003),
describes an initially rapid morphological evolution fol-
lowed by relative stasis (Harmon et al. 2010). The EB
model fits the evolution where the rate of evolution
increases or decreases exponentially through time. The
OU model describes an evolutionary process that con-
strains the BM model by including a “mean-reverting”
process on top of BM for the trait under consideration. It
means that variation in trait values cannot increase or
decrease infinitely without constraints (Hansen 1997; Sal-
amin et al. 2010). Previous studies showed that the evolu-
tion of response traits including leaf defense traits, which
were relevant to leaf litter decomposability (Cornelissen
et al. 1999), could be best fit by the BM, EB, or OU
model depending on the clade and traits concerned
(Agrawal et al. 2009a,b; Harmon et al. 2010). However,
none of these models has been used to examine the evo-
lution of an effect trait (or “specific effect function” sensu
Dıaz et al. 2013). Here, we investigate which model best
describes the changes in leaf litter decomposability
through evolutionary history as an integrator of leaf
‘afterlife’ effects of multiple underlying traits (Cornelissen
et al. 2004); this could be a helpful step toward recon-
structing species effects on carbon cycling through geo-
logic time.
We tested whether the evolutionary patterns of leaf lit-
ter decomposability, and seven leaf traits reported to pre-
dict variation in litter decomposition rates, are consistent
with a BM, EB, or OU model, if any of these. We
hypothesized that the changes in leaf litter decomposabil-
ity through plant evolutionary history will not diverge
without limit through time and hence the best fit evolu-
tionary model for leaf litter decomposability should be
either the OU model or the EB model, because of physio-
logical or ecological constraints on the underlying traits.
The OU model would also be consistent with a tendency
for related species to resemble each other in decompos-
ability and its underlying traits (Blomberg et al. 2003;
Hansen et al. 2008). Also, if the changes in leaf litter
decomposability through plant evolutionary history did
follow a BM model, it would ultimately mean that after a
long evolutionary radiation leaf litter decomposability of
certain species could approach zero (close to undecom-
posable) while others approach infinite decomposability
(decomposing extremely fast); however, such leaves are
not likely to be biologically feasible. To test our hypothe-
sis, we used a ‘common garden approach’ (sensu Corne-
lissen 1996) to examine the leaf litter decomposability of
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48 woody species in the temperate area of eastern Asia,
focusing mostly on the Rosales, which constitute an espe-
cially important and diverse clade of trees in this region.
Materials and Methods
The experiment was conducted in the Beijing Botanical
Garden (BJBG), China (116.216249 E, 39.991876 N, alti-
tude 76 m), which is one of the largest sites for ex situ
conservation among the botanical gardens in Eastern Asia.
Among the woody species, Rosales constitute a particu-
larly important clade both in species numbers and in nat-
ural abundance in this temperate area. Therefore, we
selected 23 species from five families (Moraceae, Ulma-
ceae, Eleagnaceae, Rhamnaceae, and Rosaceae) in Rosales.
The other four families in Rosales were not involved in
our study, because Urticaceae and Cannabaceae are
mostly herbaceous and Barbeyaceae and Dirachacaceae
are unique to Africa. For the phylogenetic tree, we also
selected another 25 woody species from Fabales (Faba-
ceae, which is the third largest family in the world), Sa-
pindales, Fagales, Lamiales and others, based on their
representation in the study region and the availability of
litters in BJBG. One gymnosperm species, Ginkgo biloba,
was also included due to its broad distribution in the
temperate area of China. In total, 48 woody species were
sampled across BJBG (see the phylogeny in Appendix S1).
Together, these species covered a relatively large branch
of the evolution of angiosperms, with both deep time and
recent divergences well represented.
To compare the leaf litter decomposability of our 48
species in a standardized manner, we created a ‘common
garden’ which was located in the southern part of BJBG
to incubate all the species’ litters simultaneously, in litter
bags (similar experimental design can also be seen in Liu
et al. 2014). This common garden approach could mini-
mize the variation of leaf litter decomposition rate among
species due to different environmental conditions. The
whole experiment lasted for one year with three harvests
(after 3 months, 9 months, and 12 months, respectively).
For a given species, litter was collected by either gently
shaking the branches of at least five individuals or from
the ground below them in order to achieve newly se-
nesced (i.e., still undecomposed) leaves. All the litters
were air dried and five subsamples for each species litters
were selected for initial trait measurements and initial
moisture content (for calculation of initial dry weight)
before samples were placed into the nylon litter bags. The
sizes of litterbags were 10 9 15 cm, 15 9 20 cm,
15 9 25 cm, depending on the leaf size. The mesh size
was 1 mm. Each litter bag was filled with 2  0.1 g pre-
weighed litter. We cleared the aboveground vegetation
and ploughed the soil surface (0–5 cm) of the whole litter
bed (3 9 10 m) and evenly mixed the soil with an addi-
tional litter mixtures collected from several areas of BJBG,
which were different from the areas we collected individ-
ual species litters. All the litter bags were randomized
within the litter bed and fully covered by a 10 cm thick
layer of this mixed soil and litter matrix. The experiment
started on 30th December 2010 and ended on 30th
December 2011. The harvested litters were carefully
picked out from the litter bags and contaminants such as
soil, little stones, grass roots, and visible invertebrates
were removed. We double-checked for any sand or other
mineral particles that might have entered the litterbags
during incubation, but this was confirmed to be a negligi-
ble factor. The decomposed litter materials were then
oven dried at 75°C for 48 h and weighed to calculate the
percentage mass loss of each litter samples.
Three traits were measured from green leaves of the
respective species: leaf area, SLA, and leaf tensile strength.
For each species, we first selected at least five individuals,
from each of which we sampled 3–5 green leaves and
sealed them into five different paper bags. All the green
leaf samples were then taken back to the laboratory and
scanned using a Cannon scanner. Then, we oven dried
those samples at 75°C for 48 h. The leaf area of each spe-
cies was calculated using Image-J software (Rasband W.S.,
National Institutes of Health: Bethesda, MD, USA). The
SLA was calculated as the fresh leaf area divided by the
corresponding oven dry weight of each sample (Cornelis-
sen et al. 2003). The leaf tensile strength, termed as leaf
toughness in our study, was measured as the force needed
to break through the leaf (resistance to pressure) using
universal testing machine (Instron Model 5542, Canton,
OH; following Makkonen et al. 2012). Nutrient concen-
trations were measured on the leaf litters themselves also
involved in our study: C, N, P, and base cations (K+,
Ca+, Mg+). Nutrient concentrations of green leaves and
those of litter derived from them generally scale well
across species (Cornwell et al. 2008). The C, N concentra-
tion of the initial litter was determined by oven drying
the litter at 80°C overnight with subsequent grinding
using a modified ball mill (Hatch and Murray 1994). The
ground plant materials were analyzed on an automated
elemental analyzer. The P and base cation concentration
was analyzed by inductively coupled plasma emission
spectroscopy (Perkin Elmer Optima 3000 ICP Spectrome-
ter, Waltham, MA). In total, seven single traits (not
including ratios) were used for further analyses.
Statistical analysis
The litter decomposition constant k-values (hereafter,
called k-values in short) were calculated for each species
as follows (Olson 1963): the mass remaining was ln-trans-
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formed; the regression slope of the ln-transformed percent
mass remaining against time is the species’ exponential
decay constant k (d1).
All k-values and species traits were ln-transformed to fit
the normality and variance homogeneity assumptions
before analyses. In order to test the relationship between k-
values and different species leaf traits, we carried out multi-
ple regressions of k-values against all the species traits and
selected the best multiple regression models that described
that relationship. The multiple regression analysis was
accomplished by using the ‘regsubsets’ function in the
‘leaps’ package (R software, developed by R Development
Core Team). Subsequently, we carried out a simple regres-
sion of k-values against each single trait, respectively.
We used both the Akaike’s Information Criterion (AIC)
and the AICc to compare different models, where the latter
was recommended in studies with small sample size (Sy-
monds and Moussalli 2011). Several parameters could help
us select the best model: (1) the smallest AIC or AICc (i.e.,
closest to ‘truth’); (2) △i, that is, the difference between the
AIC value of the best model and the AIC value for each of
the other models. The △i values less than two were consid-
ered to be essentially as good as the best model and △i val-
ues up to six should not be discounted (Richards 2005); (3)
the evidence ratio (ER), which provided a measure of how
much more likely the best model is than other models; (4)
the Akaike weight (wi), which could also help us to assess
the relative strengths of each candidate model (Burnham
and Anderson 2002). In this article, we mainly used the
AICc and the Akaike weight as the criteria of best model
selection both in the multiple regression analysis and the
phylogenetic analysis below. Note that different criteria of
model selection usually provide us consistent results for the
best model selection.
We used the gene-based phylogeny (“time-tree”) from
Zanne et al. (2013), which included only 39 of 48 species,
but has genetic estimates of branch lengths. To get a com-
plete sampling, we estimated the phylogeny of all 48 species
using ‘Phylomatic’ software online (http://phylodiversity.
net/phylomatic/html/pm2_form.html; see Appendix S1).
The species names and the taxonomic levels followed the
APG III (Bremer et al. 2009). For resolving polytomies,
randomization was carried out with the help of the func-
tion of ‘multi2di’ in the package of ‘picante’ (Purvis and
Garland 1993; Davies et al. 2012). Branch length of Phylo-
matic phylogeny was estimated using the ‘Bladj’ function in
the ‘Phylocom’ software. We performed all the phyloge-
netic analyses across both phylogenies (‘Phylocom’ phylog-
eny and ‘Gene sequence’ phylogeny). In addition, we
explored the effect of a single gymnosperm species (Ginkgo
biloba) on the results of phylogenetic analyses (Appendix
S2). Those results were similar to what we show in the
Results section (see below).
Three compatible models were considered in the
model fitting procedure: (1) a BM model: a random
walk model and also a fundamental model for other
evolutionary models; (2) an EB model: its net rate of
evolution slows exponentially through time as the radi-
ation proceeds (a BM process with a time-dependent
dispersion parameter; Blomberg et al. 2003; Freckleton
and Harvey 2006); and (3) an OU model: a random
walk with a ‘rubber-band’ and the trait values are lim-
ited to a certain range (Hansen 1997; Butler and King
2004). Statistically, the main difference among those
three models was the number of parameters in each
model. The BM model includes two main parameters:
one represents the ancestral state value for the clade;
the other is a ‘net rate’ estimate of trait evolution (Fel-
senstein 1973; Ackerly 2009). Compared to the BM
model, the EB model includes one more parameter
describing the pattern of rate change through time,
whereas the OU model includes two more parameters
than BM model: one representing the trait optimum
and the other representing the strength of the ‘rubber-
band’ values back toward the optimum. However, the
OU model also includes BM model as a special case
(Butler and King 2004).
Under each model, the trait values follow a multivar-
iate normal distribution and a covariance matrix, which
is determined by the model and phylogenetic tree. We
modeled the evolution of k-values and species traits
with maximum likelihood methods using the ‘fitContin-
uous’ function in GEIGER (Harmon et al. 2008). This
function can fit various likelihood models for continu-
ous character evolution and returns parameter estimates
and the likelihood for univariate data sets (Help file for
GEIGER). Two main input data were required in this
analysis: phylogeny and each single trait data, and in
both data files species names should be listed in the
same order. Moreover, several parameters should be
included in the ‘fitContinuous’ function: the target
model and the bounds for each model, that is, the
range to constrain parameter estimates. We used the
default values for the bounds of three evolutionary
models we studied. In addition, we accounted for the
effect of measurement error by adding variation to the
diagonal of the expected among-species variance–covari-
ance matrix (O’Meara et al. 2006), which might cause a
significant bias in evolutionary rate reconstruction
(Martins 1994). However, the results of model fitting
are very similar with and without accounting for mea-
surement error (See Results and Appendix S3). We
compared fits of three different models using the Ak-
aike information criterion (AICc and the Akaike
weight). We also calculated “phylogenetic half-life”, the
time it takes for the expected trait value to move half
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the distance from the ancestral state to the primary
optimum (Hansen 1997). It can be estimated as t1/
2 = ln(2)/a, in which a represents the “rubber-band”
parameter within OU models, which can be estimated
using the ‘fitContinuous’ function.
Results
We found that species traits (base cation concentration,
leaf toughness, total P concentration, SLA, and total C
concentration) were good predictors (Table 1, Fig. 1) for
k based on the results of either multiple regression or
simple regression analysis. In the multiple regression
analysis, the best model was the one that included base
cations, leaf toughness, SLA, and total P as independent
variables to predict k-values. The AIC and AICc were
109.5 and 107.5, respectively, and both were the
smallest across all the models. The Akaike weight was also
the biggest across all the models (Table 1; wi = 0.31). In
the simple regression analysis, base cations, total C, leaf
toughness, and total P were the best predictors for k-val-
ues (Fig. 1; base cations: N = 48, R2 = 0.325, P < 0.001;
carbon: N = 48, R2 = 0.217, P < 0.001; leaf toughness:
N = 48, R2 = 0.094, P = 0.034; phosphorus: N = 48,
R2 = 0.093, P = 0.035).
The effect trait, leaf litter decomposability, was best fit
by the OU model (Fig. 2; Akaike weight > 0.99), and all
the plant leaf traits were also best fit by the OU model
(Fig. 2). The rate estimates of evolution were higher
under OU models than those under BM and EB models
(Table 2). The phylogenetic half-life (t1/2) of SLA, leaf
toughness, and total P were short relative to the plant
phylogeny, but leaf litter decomposability, together with
other traits showed relatively longer phylogenetic half-life
(Table 2).
Discussion
The Brownian motion (BM) model was not the best fit
model for any of the leaf traits or the leaf litter decom-
posability. These results support our hypothesis that leaf
litter decomposability did not increase and decrease with-
out limit through evolutionary time partly because
extreme values (close to zero or infinity) are not biologi-
cally possible. The BM model was not an effective model
to describe the changes in leaf litter decomposability
through plant history or its underlying leaf traits, even
though it still can be a good null model (Salamin et al.
2010). This is opposite to other studies in which the BM
model was proven to be the best fit model for leaf tri-
chome density (Agrawal et al. 2009b). Since BM was nei-
ther an adequate model for describing the evolutionary
pattern of leaf litter decomposability or any of its under-
lying traits, the BM model should not be taken as an
obvious first choice in future research on modeling trait
evolution in the context of biogeochemical cycling.
The fact that the OU model was the best fit model for
the evolution of all seven leaf traits and leaf litter decom-
posability, suggests that bounds or a mean-reverting pro-
cess has some explanatory power with respect to the
evolution of both response and effect traits. The bounds
on the evolution of response traits have been often inter-
preted as stabilizing selection or genetic constraints (Rev-
ell et al. 2008; Donovan et al. 2011). Specifically, a limit
or filter prevents leaf trait values that would lead to poor
leaf function and, consequently, to a low fitness, while
genetic constraints could limit trait evolution if a popula-
tion lacks the genetic variation necessary to produce a
particular leaf trait or combination of leaf traits (Dono-
van et al. 2011). Our evidence for constraints on the evo-
lution of the decomposition-related leaf traits (SLA, leaf
Table 1. 95% confidence set of best-ranked regression models (the 11 models whose cumulative Akaike weight, acc_wi < 0.95) examining leaf
litter decomposability (k-values) and species traits.
Candidate model R2 AIC AICc △i wi Acc_wi ER
1 BC + LT + SLA + TP 0.513 109.5 107.5 0.00 0.31 0.31 1.00
2 BC + LT + SLA 0.470 107.4 106.0 1.48 0.15 0.45 2.09
3 BC + LT + SLA + TP + TC 0.524 108.6 105.8 1.65 0.13 0.59 2.29
4 BC + LT + SLA + TP + LA 0.514 107.5 104.7 2.73 0.08 0.67 3.91
5 BC + LT + SLA + TP + TN 0.513 107.5 104.7 2.75 0.08 0.74 3.96
6 LT + SLA + TP + TC 0.477 106.1 104.0 3.42 0.06 0.80 5.54
7 BC + LT + SLA + TC 0.474 105.8 103.7 3.74 0.05 0.85 6.49
8 BC + LT + SLA + TP + TC + TN 0.525 106.7 103.0 4.48 0.03 0.88 9.39
9 BC + LT + SLA + TP + TC + LA 0.525 106.6 102.9 4.53 0.03 0.91 9.62
10 BC + LT + TP 0.423 103.3 101.9 5.57 0.02 0.93 16.23
11 BC + LT + SLA + TP + TN + LA 0.514 105.5 101.8 5.62 0.02 0.95 16.59
△i stands for the difference between the AIC value of the best model and the AIC value for each of other models; wi stands for the Akaike
weight; Acc_wi stands for the accumulative Akaike weight; ER stands for the evidence ratio. BC, Base cation; LT, leaf toughness; SLA, specific leaf
area; TP, total phosphorus concentration; TC, total carbon concentration; LA, leaf size; TN, total nitrogen concentration.
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size and leaf chemical traits, such as C, N, P, and base
cation concentrations) are consistent with former studies
which only examined the evolution of several response
traits, such as SLA, leaf size and leaf water content (Verdu
and Gleiser 2006; Agrawal et al. 2009a). However, our
Figure 1. Relationship between leaf litter
decomposability (k) and plant leaf traits. All the
species traits and decomposition rates were ln-
tranformed before the analysis.
Table 2. Results of model fitting tests on the evolution of decomposi-
tion rate and species traits under three evolutionary models: Brownian
motion model (BM), early burst model (EB), and Ornstein-Uhlenbeck
model (OU). Higher log-likelihood (lnL) and lower AICc values indicate
better fit model; b represents the rate of evolution under certain
model; a represents the “rubber-band” parameter in the OU model
(Hansen et al. 2008); t1/2 represents the phylogenetic half-life (Hansen
et al. 2008). The best-fitted model is in bold.
Trait Model lnL b AICc a t1/2
k-value BM 27.74 0.003 59.82
EB 27.74 0.003 62.19
OU 18.19 0.012 43.08 0.036 19.40
Base cation BM 13.84 0.001 32.02
EB 13.84 0.001 34.38
OU 4.20 0.005 15.12 0.030 22.89
Total C BM 46.80 <0.001 89.26
EB 46.80 <0.001 86.90
OU 53.50 <0.001 100.30 0.022 32.13
Leaf
toughness
BM 16.03 0.002 36.40
EB 16.03 0.002 38.76
OU 2.10 0.020 10.90 0.152 4.56
Total P BM 32.43 0.004 69.20
EB 32.43 0.004 71.57
OU 22.20 0.029 51.11 0.078 8.94
SLA BM 14.99 0.002 34.33
EB 14.99 0.002 36.69
OU 2.75 0.019 1.20 0.194 3.57
Total N BM 6.26 0.001 16.85
EB 6.26 0.001 19.22
OU 0.47 0.003 7.64 0.023 30.31
Leaf size BM 62.84 0.021 130.02
EB 62.84 0.021 132.38
OU 54.27 0.070 115.25 0.032 21.35
Figure 2. Akaike weights for three models of leaf litter
decomposition rates and plant leaf traits (BM, Brownian motion
model; EB, Early burst model; OU, Ornstein-Uhlenbeck model); k,
decomposition rate; Base, base cation concentration; LT, leaf
toughness; SLA, specific leaf area; P, total phosphorus concentration;
C, total carbon concentration; LA, leaf size. The phylogeny was a
‘Gene-sequence’ phylogeny (Appendix S1) and the measurement
errors were included in this analysis. Data underlying this figure can
be seen in Appendix S4.
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results are the first experimental evidence indicating the
existence of certain constraints on the evolution of leaf
traits and trait syndromes of plants, in turn impacting an
important effect trait, that is, leaf litter decomposability.
There may in fact be selection on an effect trait, and it
might be stabilizing selection, leading to the evolution of
leaf litter decomposability following the OU model. But it
may also result from processes other than stable selection,
that is, resulting from allometric or trade-off constraints.
The EB model, which was hypothesized as an alterna-
tive (and better) model than the simple BM model, was
in fact the worst model to fit the evolution of all the leaf
traits and leaf litter decomposability (Table 2; AICc values
were the biggest). A previous study did provide evidence
for an early burst of trait evolution for latex and seed
mass (Agrawal et al. 2009a). The lack of EB pattern in
our study might be in part due to the selection of our
plant species, the focal clades and where these species
come from. It has been indicated that the analysis of
plant (trait) evolution from different regions may be dif-
ferent due to the spatial variation of plant species radia-
tion (Linder 2008) and the dynamics of trait evolution
might vary substantially among different clades (Harmon
et al. 2010).
Our finding alerts us to reconsider the confidence of
using the analytical methods which were not based on the
OU model. For example, phylogenetically independent
contrast (PIC) method assumes that trait evolution fol-
lows a BM model. However, several recent studies showed
that PIC method performed worse than simple nonphylo-
genetic analyses in some circumstances (Pagel 1999).
Based on our results, the BM model was not the best fit
model either for any of those leaf response traits we stud-
ied or for leaf litter decomposability. Therefore, this may
decrease the confidence of using the PIC method in
future studies. Moreover, many current comparative stud-
ies only tested for presence or absence of a phylogenetic
signal without properly testing any suitable evolutionary
model. This may lead to misunderstanding of the evolu-
tionary history, because many evolutionary scenarios can
generate similar levels of phylogenetic signal (Revell et al.
2008). Therefore, alternative methods based on the OU
model may be necessary to better understand the evolu-
tion of plant response traits and effect traits.
In this study, we calculated the phylogenetic half-life
for all the leaf traits and leaf litter decomposability, which
was based on the OU model. We find that the phyloge-
netic half-life for litter decomposability was only
19.4 million years (Table 2), which is low relative to the
depth of the phylogeny which was 350 million years. This
means that the effect of relatedness on the similarity of
leaf litter decomposability only exists among very closely
related species. The ‘phylogenetic half-life’ of leaf traits
and leaf litter decomposability indicated that the evolu-
tion of SLA, leaf toughness, and leaf total P to the pri-
mary optimum was relatively rapid (Table 2), while the
ancestral influence lingers a bit longer for leaf litter
decomposability (Revell et al. 2008) and for several other
leaf traits, such as leaf base cations, total N, and leaf size
(Table 2). This observation has been discussed elsewhere
as low phylogenetic signal (Davis et al. 2012). A phyloge-
netic half-life of infinity is equivalent to Brownian motion
and a k-value of 1 (sensu Blomberg et al. 2003). In effect,
this means that recent evolution for these traits, especially
away from extreme values, has often erased the effect of
deep-time evolution.
Given the predominant ‘afterlife’ effects of leaf traits on
leaf litter decomposability, we may expect that the con-
straints on the changes in leaf litter decomposability
through plant history may be due to the constraints on
the evolution of leaf traits. Our results confirmed the
well-known relationships between leaf traits and leaf litter
decomposability (Table 1, Fig. 1; Cornelissen 1996; Corn-
well et al. 2008). These relationships gave us a historical
interpretation (Pagel 1993): the covariation of leaf traits
and leaf litter decomposability through evolutionary time.
A significant relationship between single leaf trait and leaf
litter decomposability indicates covariation between traits
through time. Overall, the covariation between leaf chem-
ical composition (base cations, C, P) and leaf litter
decomposability was stronger than that between other leaf
traits (leaf toughness, specific leaf area, and leaf size) and
leaf litter decomposability (Fig. 2; Cornelissen and
Thompson 1997). For the leaf traits we studied, the soil
resource availability was often considered as the main
cause of the variation of the leaf chemical composition,
such as concentrations of total C, total N, and total P,
while other climatic factors (precipitation, temperature,
sun exposure, and/or others) were often responsible for
the variation of structure-related leaf traits, such as SLA,
leaf size, leaf water content, or leaf toughness (Lavorel
and Garnier 2002; Cornelissen et al. 2003). These results
suggested that in temperate regions soil nutrient availabil-
ity may play a more important role in constraining the
changes in leaf litter decomposability and related soil car-
bon and nutrient turnover through plant history com-
pared to other climatic factors (Hladyz et al. 2009).
Overall, the environmental factors may lead to the evolu-
tion of multiple leaf traits following the OU model and
in turn the trade-offs among multiple leaf traits might
eventually lead to the changes in leaf litter decomposabil-
ity through plant history following the OU model.
Our findings showed the evidence that the evolution of
leaf traits and leaf litter decomposability followed the OU
model. This may have important implications for ecosys-
tem functioning. Niche conservatism of ecosystem
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functioning means that descendent species can rely on an
aspect of their environment remaining relatively constant:
a descendent species of an ancestor species that decom-
poses quickly will grow in a litter that decomposes
quickly, where nutrients are available quickly. This is a
kind of macroevolutionary niche construction based on
the same principle as classical niche constriction, in which
case descendent individuals inherit their niche environ-
ment from their ancestor individuals (Odling-Smee et al.
2003). Environments remaining relatively constant due to
conservatism of effect traits would be a very important
mechanism of ecoevolutionary feedback (1) in a world in
which so many aspects of the environment change (Beh-
rensmeyer 1992; Pelletier et al. 2009), and (2) for an
organism in which an entire set of multiple highly inte-
grated traits is coadapted to a given level of nutrient
availability (Pigliucci 2003). Macroevolutionary niche
construction of decomposition, however, would only
work if species grow in communities dominated by their
own lineage, that is, if soil and climate preferences would
be shared within a lineage and species within that lineage
could coexist locally without mutually replacing each
other.
Note that the connection between leaf litter decompos-
ability and leaf traits may depend on the soil environment,
especially concerning chemical leaf traits. For instance, lit-
ter of the same species may decompose at different rates
under high and low soil nutrient conditions (Crews et al.
1995); and chemical ratios containing phosphorus affect
decomposition rate only in dry and nutrient poor ecosys-
tems (Gallardo and Merino 1993; on nine Mediterranean
species). If leaf traits are important for decomposition only
in particularly harsh environments, then evolution of traits
should affect evolution of decomposability only in these
harsh environments. In this study, we could not test for
such shifts in evolutionary patterns of decomposability.
The study was conducted in relatively mesic, temperate
environment, which in fact should rather dampen and not
accelerate relationships between leaf traits and decomposi-
tion. Besides such environmental idiosyncrasy there may be
a phylogenetic one. The evolutionary pattern of leaf traits
and leaf litter decomposability may depend on the focal
clade and at which evolutionary level on defines clades.
Traits may develop at different rates depending on whether
one analyses large integrative clades such as the Spermato-
phytes or small, recent clades such as a genus. In the pres-
ent case, we focused primarily at the level of an order, the
Rosales. We found the phylogenetic half-life for leaf litter
decomposability to be relatively short, but it is possible that
half-life would be much longer if one considered compre-
hensively a much larger clade such as the entire spermato-
phytes, In that case numerous Gymnosperms would be
included besides Angiosperms and the ancient differentia-
tion of decomposability between these two groups would
strongly influence the calculated half-life time. Overall, we
suggest that in the future the evolutionary patterns of leaf
litter decomposability should be identified under different
environment contexts and for clades other than Rosales,
including such that are more or less integrative than
Rosales.
Outlook and conclusion
Further research requires the application of more complex
models, which allow for heterogeneity of evolutionary
processes such as multiple-optima OU models (Estes and
Arnold 2007; Harmon et al. 2010; Pennell et al. 2014).
The evolution of plant traits or leaf litter decomposability
may be under natural selection toward multiple optima
(Verdu and Gleiser 2006; Agrawal et al. 2009a). This has
not been tested in our study. However, more complex
models may lead to a decrease of the explanatory power
and it is important to have biological information to the
formulation of hypotheses of plant trait evolution (Butler
and King 2004). The OU model has only one more
parameter than the BM model, which has a specific evo-
lutionary interpretation to describe the evolution of leaf
litter decomposability. Note that it is not true that the
more parameters, the better fit of the model. In our case,
the EB model has one more parameter than the BM
model (Table 2), but performed worse than the BM
model. In future, each new parameter added to the evolu-
tionary model must provide a significantly better explana-
tion of the evolution of leaf litter decomposability and/or
other plant effect or response traits (Butler and King
2004).
In conclusion, our analyses provided three main find-
ings. First, among the tested models, the most explana-
tory power for leaf litter decomposability came from the
OU model. This is the first experimental evidence of the
existence of certain constraints on the evolution of an
ecosystem effect trait, with implications for evolutionary
constraints on key ecosystem functions. Second, the best
evolutionary models of leaf litter decomposability and its
underlying leaf traits are the same, that is, the OU model,
indicating that the constraints on the evolution plant leaf
traits can together translate into the constraints on the
evolution of leaf litter decomposability and the ecosystem
carbon and nutrient turnover it represents. This finding
also indicated that, at least across our 48 temperate tree
species, there were indeed certain mean-reverting forces
that made the evolution of extreme values of leaf traits
and leaf litter decomposability unlikely. To be specific,
the constraints in the study region may more likely from
the soil nutrient availability than other climatic factors.
Third, the BM and particularly the EB model performed
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poorly to describe the evolution of either plant leaf traits
or the leaf litter decomposability. Our model-based
approach has improved our understanding about the rela-
tionships between leaf litter decomposability and plant
leaf traits in an evolutionary perspective and this can be a
helpful step to better understand the evolutionary history
of plant effects on ecosystem function.
Acknowledgments
We thank Wei-Ming He, Fei-Hai Yu, and Zhen-Ying Huang
for assistance and guidance during experimental design,
Yao-Bin Song and Xiu-Fang Xie for providing much
practical assistance. This work was supported by the CAS
(Grant KSCX2-EW-J-1, KZCX2-YW-431), NSFC (Grant
30821062) and VEWALNE-project of State Key Laboratory
of Vegetation and Environmental Change. We are also
grateful to the Chinese Exchange Programme (CEP) grant
12CDP007 of the Royal Netherlands Academy of Arts and
Sciences (KNAW) to JHCC and MD; and to the Chi-
nese Academy of Sciences (CAS) for providing grants of Vis-
iting Professorship for Senior International Scientists
(2011T2S16, to support JHCC) and Fellowship for Young
International Scientists (2011Y2SB06, to support WCK).
Conflict of interest
None declared.
References
Ackerly, D. 2009. Conservatism and diversification of plant
functional traits: evolutionary rates versus phylogenetic
signal. Proc. Natl Acad. Sci. 106:19699–19706.
Agrawal, A. A., M. Fishbein, R. Halitschke, A. P. Hastings, D.
L. Rabosky, and S. Rasmann. 2009a. Evidence for adaptive
radiation from a phylogenetic study of plant defenses. Proc.
Natl Acad. Sci. 106:18067–18072.
Agrawal, A. A., M. Fishbein, R. Jetter, J. P. Salminen, J. B.
Goldstein, A. E. Freitag, et al. 2009b. Phylogenetic ecology
of leaf surface traits in the milkweeds (Asclepias spp.):
chemistry, ecophysiology, and insect behavior. New Phytol.
183:848–867.
Behrensmeyer, A. K. (1992). Terrestrial ecosystems through
time: evolutionary paleoecology of terrestrial plants and
animals. University of Chicago Press, Chicago, USA.
Berendse, F. 1994. Litter decomposability–a neglected
component of plant fitness. J. Ecol. 82:187–190.
Berg, B., and R. Laskowski. (2005). Litter decomposition: a
guide to carbon and nutrient turnover. Academic Press,
New York.
Blomberg, S. P., T. Garland, and A. R. Ives. 2003. Testing for
phylogenetic signal in comparative data: behavioral traits are
more labile. Evolution 57:717–745.
Bremer, B., K. Bremer, M. W. Chase, M. F. Fay, J. L. Reveal,
D. E. Soltis, et al. 2009. An update of the Angiosperm
Phylogeny Group classification for the orders and families of
flowering plants: APG III. Bot. J. Linn. Soc. 161:105–121.
Burnham, K. P., and D. R. Anderson (2002). Model selection
and multi-model inference: a practical information-theoretic
approach. Springer, New York, USA.
Butler, M. A., and A. A. King. 2004. Phylogenetic comparative
analysis: a modeling approach for adaptive evolution. Am.
Nat. 164:683–695.
Cadisch, G., and K. E. Giller (1997). Driven by nature: plant
litter quality and decomposition. CAB
International-University Press, Wallingford, UK.
Chapin, F. S. III, E. S. Zavaleta, V. T. Eviner, R. L. Naylor, P.
M. Vitousek, H. L. Reynolds, et al. 2000. Consequences of
changing biodiversity. Nature 405:234–242.
Cornelissen, J. H. C. 1996. An experimental comparison of leaf
decomposition rates in a wide range of temperate plant
species and types. J. Ecol. 84:573–582.
Cornelissen, J. H. C., and K. Thompson. 1997. Functional leaf
attributes predict litter decomposition rate in herbaceous
plants. New Phytol. 135:109–114.
Cornelissen, J. H. C., N. Perez-Harguindeguy, S. Dıaz, J. P.
Grime, B. Marzano, M. Cabido, et al. 1999. Leaf structure
and defence control litter decomposition rate across species
and life forms in regional floras on two continents. New
Phytol. 143:191–200.
Cornelissen, J., S. Lavorel, E. Garnier, S. Dı́az, N. Buchmann,
D. Gurvich, et al. 2003. A handbook of protocol for
standardized and easy measurement of plant functional
traits worldwide. Aust. J. Bot., 51:335–380.
Cornelissen, J. H. C., H. M. Quested, D. Gwynn-Jones, R. S. P.
van Logtestijn, M. A. H. de Beus, A. Kondratchuk, et al.
2004. Leaf digestibility and litter decomposability are related
in a wide range of subarctic plant species and types. Funct.
Ecol. 18:779–786.
Cornwell, W. K., J. H. C. Cornelissen, K. Amatangelo, E.
Dorrepaal, V. T. Eviner, O. Godoy, et al. 2008. Plant species
traits are the predominant control on litter
decomposition rates within biomes worldwide. Ecol. Lett.,
11:1065–1071.
Crews, T. E., K. Kitayama, J. H. Fownes, R. H. Riley, D. A.
Herbert, D. Mueller-Dombois, et al. 1995. Changes in soil
phosphorus fractions and ecosystem dynamics across a long
chronosequence in Hawaii. Ecology 76:1407–1424.
Davies, T. J., N. J. Kraft, N. Salamin, and E. M. Wolkovich.
2012. Incompletely resolved phylogenetic trees inflate
estimates of phylogenetic conservatism. Ecology 93:242–247.
Davis, R. B., J. Javois, J. Pienaar, E. ~Ounap, and T. Tammaru.
2012. Disentangling determinants of egg size in the
Geometridae (Lepidoptera) using an advanced phylogenetic
comparative method. J. Evol. Biol. 25:210–219.
Dıaz, S., A. Purvis, J. H. Cornelissen, G. M. Mace, M. J.
Donoghue, R. M. Ewers, et al. 2013. Functional traits, the
ª 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 3347
X. Pan et al. The Evolution of Leaf Litter Decomposability
phylogeny of function, and ecosystem service vulnerability.
Ecol. Evol. 3:2958–2975.
Donovan, L. A., H. Maherali, C. M. Caruso, H. Huber, and H.
de Kroon. 2011. The evolution of the worldwide leaf
economics spectrum. Trends Ecol. Evol. 26:88–95.
Estes, S., and S. J. Arnold. 2007. Resolving the paradox of
stasis: models with stabilizing selection explain evolutionary
divergence on all timescales. Am. Nat. 169:227–244.
Felsenstein, J. 1973. Maximum-likelihood estimation of
evolutionary trees from continuous characters. Am. J. Hum.
Genet. 25:471–492.
Felsenstein, J. 1985. Phylogenies and the comparative method.
Am. Nat. 125:1–15.
Fortunel, C., E. Garnier, R. Joffre, E. Kazakou, H. Quested, K.
Grigulis, et al. 2009. Leaf traits capture the effects of land
use changes and climate on litter decomposability of
grasslands across Europe. Ecology 90:598–611.
Freckleton, R. P., and P. H. Harvey. 2006. Detecting
non-Brownian trait evolution in adaptive radiations. PLoS
Biol. 4:e373.
Gallardo, A., and J. Merino. 1993. Leaf decomposition in two
mediterranean ecosystems of Southwest Spain: influence of
substrate quality. Ecology 74:152–161.
Hansen, T. F. 1997. Stabilizing selection and the comparative
analysis of adaptation. Evolution 51:1341–1351.
Hansen, T. F., J. Pienaar, and S. H. Orzack. 2008. A
comparative method for studying adaptation to a randomly
evolving environment. Evolution 62:1965–1977.
Harmon, L. J., J. T. Weir, C. D. Brock, R. E. Glor, and W.
Challenger. 2008. GEIGER: investigating evolutionary
radiations. Bioinformatics 24:129–131.
Harmon, L. J., J. B. Losos, Davies. T. Jonathan, R. G. Gillespie,
J. L. Gittleman, W. B. Jennings, et al. 2010. Early bursts of
body size and shape evolution are rare in comparative data.
Evolution 64:2385–2396.
Hatch, D. J., and P. J. Murray. 1994. Transfer of nitrogen
from damaged roots of white clover (Trifolium repens L.) to
closely associated roots of intact perennial ryegrass (Lolium
perenne L). Plant Soil 166:181–185.
H€attenschwiler, S., and P. M. Vitousek. 2000. The role of
polyphenols in terrestrial ecosystem nutrient cycling. Trends
Ecol. Evol. 15:238–243.
Hladyz, S., M. O. Gessner, P. S. Giller, J. Pozo, and G. U. Y.
Woodward. 2009. Resource quality and stoichiometric
constraints on stream ecosystem functioning. Freshw. Biol.
54:957–970.
Lavorel, S., and E. Garnier. 2002. Predicting changes in
community composition and ecosystem functioning from
plant traits: revisiting the Holy Grail. Funct. Ecol. 16:545–
556.
Linder, H. P. 2008. Plant species radiations: where, when,
why? Philos. Trans. R. Soc. Lond. B Biol. Sci. 363:
3097–3105.
Liu, G., W. K. Cornwell, X. Pan, K. Cao, X. Ye, Z. Huang,
et al. 2014. Understanding the ecosystem implications of the
angiosperm rise to dominance: leaf litter decomposability
among magnoliids and other basal angiosperms. J. Ecol.
102:337–344.
Makkonen, M., M. P. Berg, I. T. Handa, S. H€attenschwiler, J.
van Ruijven, P. M. van Bodegom, et al. 2012. Highly
consistent effects of plant litter identity and functional traits
on decomposition across a latitudinal gradient. Ecol. Lett.
15:1033–1041.
Martins, E. P. 1994. Estimating the rate of phenotypic
evolution from comparative data. Am. Nat. 144:193–209.
Odling-Smee, F. J., K. N. Laland, and M. W. Feldman (2003).
Niche construction: the neglected process in evolution.
Princeton University Press, New Jersey, USA.
Olson, J. S. 1963. Energy storage and the balance of producers
and decomposers in ecological systems. Ecology 44:322–331.
O’Meara, B. C., C. Ane, M. J. Sanderson, and P. C.
Wainwright. 2006. Testing for different rates of continuous
trait evolution using likelihood. Evolution 60:922–933.
Pagel, M. 1993. Seeking the evolutionary regression coefficient:
an analysis of what comparative methods measure. J. Theor.
Biol. 164:191–205.
Pagel, M. 1999. Inferring the historical patterns of biological
evolution. Nature 401:877–884.
Pelletier, F., D. Garant, and A. P. Hendry. 2009.
Eco-evolutionary dynamics. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 364:1483–1489.
Pennell, M. W., L. J. Harmon, and J. C. Uyeda. 2014. Is there
room for punctuated equilibrium in macroevolution?
Trends Ecol. Evol. 29:23–32.
Perez-Harguindeguy, N., S. Dı́az, J. H. C. Cornelissen, F.
Vendramini, M. Cabido, and A. Castellanos. 2000.
Chemistry and toughness predict leaf litter decomposition
rates over a wide spectrum of functional types and taxa in
central Argentina. Plant Soil, 218:21–30.
Pigliucci, M. 2003. Phenotypic integration: studying the
ecology and evolution of complex phenotypes. Ecol. Lett.
6:265–272.
Purvis, A., and T. Jr Garland. 1993. Polytomies in comparative
analyses of continuous characters. Syst. Biol. 42:569–575.
Revell, L. J., L. J. Harmon, and D. C. Collar. 2008.
Phylogenetic signal, evolutionary process, and rate. Syst.
Biol. 57:591–601.
Richards, S. A. 2005. Testing ecological theory using the
information-theoretic approach: examples and cautionary
results. Ecology 86:2805–2814.
Salamin, N., R. O. W€uest, S. Lavergne, W. Thuiller, and P. B.
Pearman. 2010. Assessing rapid evolution in a changing
environment. Trends Ecol. Evol. 25:692–698.
Sitch, S., B. Smith, I. C. Prentice, A. Arneth, A. Bondeau, W.
Cramer, et al. 2003. Evaluation of ecosystem dynamics,
plant geography and terrestrial carbon cycling in the LPJ
3348 ª 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
The Evolution of Leaf Litter Decomposability X. Pan et al.
dynamic global vegetation model. Glob. Change Biol. 9:161–
185.
Symonds, M. R., and A. Moussalli. 2011. A brief guide to
model selection, multimodel inference and model averaging
in behavioural ecology using Akaike’s information criterion.
Behav. Ecol. Sociobiol. 65:13–21.
Verdu, M., and G. Gleiser. 2006. Adaptive evolution of
reproductive and vegetative traits driven by breeding
systems. New Phytol. 169:409–417.
Zanne, A. E., D. C. Tank, W. K. Cornwell, J. M. Eastman, S.
A. Smith, R. G. FitzJohn, et al. 2013. Three keys to the
radiation of angiosperms into freezing environments. Nature
506:89–92.
Zhang, D. Q., D. F. Hui, Y. Q. Luo, and G. Y. Zhou. 2008.
Rates of litter decomposition in terrestrial ecosystems:
global patterns and controlling factors. J. Plant Ecol. 1:85–
93.
Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Appendix S1. Two Phylogenies (The upper one is the
phylogeny from phylomatic software online, termed
“Phylocom” phylogeny; the lower one is the phylogeny
from gene sequences of Genbank, termed ‘Gene sequence’
phylogeny).
Appendix S2. Results on phylogenetic analyses excluding
the single gymnosperm species (Ginkgo biloba) using
Gene-sequence phylogeny with measurement error (corre-
sponding to Table 2 in main text).
Appendix S3. Akaike weights for three models of leaf
litter decomposition rates and plant leaf traits (BM:
Brownian motion model; EB: Early burst model; OU:
Ornstein-Uhlenbeck model).
Appendix S4. Original data of the Akaike weights for
three evolutionary models of leaf litter decomposition
rates and plant leaf traits (corresponding to Appendix
S2).
ª 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 3349
X. Pan et al. The Evolution of Leaf Litter Decomposability
